Kinematic data from the internal zones of the Western Alps indicate both top-to-SE and top-to-NW shearing during synkinematic greenschist facies recrystallisation. Rb/Sr data from white micas from different kinematic domains record a range of ages that does not represent closure through a single thermal event but reflects the variable timing of synkinematic mica recrystallisation at temperatures between 300 and 450 jC. The data indicate an initial phase of accretion and foreland-directed thrusting at ca. 60 Ma followed by almost complete reworking of thrust-related deformation by SE-directed shearing. This deformation is localised within oceanic units of the Combin Zone and the base of the overlying Austroalpine basement, and forms a regional scale shear zone that can be traced for almost 50 km perpendicular to strike. The timing of deformation in this shear zone spans 9 Ma from 45 to 36 Ma. The SE-directed shear leads to local structures that cut upwards in the transport direction with respect to tectonic stratigraphy, and such structures have been interpreted in the past as backthrusts in response to ongoing Alpine convergence. However, on a regional scale, the top-to-SE deformation is related to crustal extension, not shortening, and is coincident with exhumation of eclogites in its footwall. During this extension phase, deformation within the shear zone migrated both spatially and temporally giving rise to domains of older shear zone fabrics intercalated with zones of localised reworking. Top-NW kinematics preserved within the Combin Zone show a range of ages. The oldest (48 Ma) may reflect the final stages of emplacement of Austroalpine Units above Piemonte oceanic rocks prior to the onset of extension. However, much of the top-to-NW deformation took place over the period of extension and may reflect either continuing or episodic convergence or tectonic thinning of the shear zone. 40 Ar/ 39 Ar data from the region are complicated due to the widespread occurrence of excess 40 Ar in eclogite facies micas and partial Ar loss during Alpine heating. Reliable ages from both eclogite and greenschist facies micas indicate cooling ages in different tectonic units of between 32 and 40 Ma. These ages are slightly younger than Rb/Sr deformation ages and suggest that cooling below ca. 350 jC occurred after juxtaposition of the units by SE-directed extensional deformation.
Introduction
A complete understanding of convergent orogenic processes requires the integration of data from both ancient and modern orogens. Modern collisional orogens provide a unique opportunity to study the accretion and collision of converging continental fragments because they often preserve the upper structural levels of the orogen and enable the spatial and temporal distribution of different rock types to be placed into a geodynamic model. In more ancient orogens, the tectonic reconstruction of convergent orogens is more difficult to assess because of erosion. In addition, the temporal resolution of radiometric dating techniques is often insufficient to recognise the small variations in the timing of geological events that are apparent in younger orogens. Conversely, understanding the processes that have taken place at mid-to lower crustal levels in young orogens is difficult because highergrade rocks may still be buried. Although geophysical studies can provide a 'snap shot' of the present crustal structure, such information does not easily allow the kinematic and temporal details of orogen evolution to be inferred. In this paper, we address this problem by integrating kinematic and geochronological data from the highest-grade units of a young orogen, the Western Alps. Our data document a spatial and temporal kinematic evolution that indicates considerable complexity associated with a 'young' convergent orogen.
The European Western Alps is a well-understood orogenic belt that developed through plate divergence and subsequent convergence during the Mesozoic and Tertiary. Research spanning more than 150 years has provided a wealth of information that has enabled the geometries of different tectonostratigraphic units to be constrained at the Earth's surface and inferred at depth (see Pfiffner et al., 1997; Stampfli, 2001 for recent reviews). Recent geophysical studies have provided further evidence of the deep structure of the Alps (Schmid et al., 1996; Pfiffner et al., 1997; Schmid and Kissling, 2000) . As a result, a geodynamic picture of Alpine evolution from post-Variscan rifting and ocean formation to the subsequent plate convergence, oceanic subduction and collision is well documented.
Despite the fact that the geometries of tectonostratigraphic units are well known and can be interpreted within a regional-scale geodynamic framework, the details of Alpine structural evolution, particularly kinematic and timing information in the internal parts of the orogen, are still poorly known. As a consequence, geodynamic models for Alpine evolution are incomplete. Kinematic data from the Western Alps have been interpreted within a convergent framework and have been assigned to deformation associated with the thrusting of Austroalpine and Piemonte oceanic units to the NW above the European foreland, or to younger backthrusting (Trumpy, 1980; Milnes et al., 1981; Baird and Dewey, 1986; Lacassin, 1987) . However, the internal zones of the Alps record a complex structural evolution in which the kinematics of the deformation vary both spatially and temporally.
Recent detailed studies in the internal zones have illustrated that many of the preserved structural features may not be related to NW-directed thrusting but developed during SE-directed extension (Wust and Silverberg, 1989; Wheeler and Butler, 1993) that is linked to the exhumation of eclogite facies units formed by subduction (Ballèvre and Merle, 1993; Reddy et al., 1999b) . A regional comparison of the magnitude and timing of this extensional history with convergence and tectonic shortening in the more external parts of the Alps indicates that simultaneous thrusting and extension may be of similar magnitudes (Wheeler et al., 2001) . Previous studies have targeted small areas within the orogen for kinematic and geochronological studies and consequently, it has been difficult to link these areas to develop a regional kinematic picture through time. However, regional scale information is essential if accretionary and collisional processes in the Alps and other convergent orogens are to be understood in an evolving geodynamic framework.
In this paper we present structural and geochronological information from the internal zones of the Alps exposed in NW Italy. The data we present span the Penninic, Piemonte and Austroalpine units of the internal zones (Fig. 1) ; rocks that were juxtaposed and exhumed during subduction and subsequent collision (Platt, 1986; Reddy et al., 1999b; Ring et al., 1999) . We concentrate on presenting kinematic information, which we compliment with Rb/Sr analyses from white micas, associated with particular fabrics. In many cases, these data can be interpreted in terms of deformation ages and reflect the timing of fabric formation. We also present 40 Ar/ 39 Ar analyses to document the cooling history of the region. The area we have studied is the eastern Val d'Aosta region of northwest Italy, specifically the Sesia, Gressoney, Ayas and Tournanche valleys. We have also undertaken reconnaissance studies to the NW in Switzerland to place our work in a regional framework. The valleys we have studied provide excellent outcrop through the major units of the Alpine metamorphic zones and have been mapped in detail by the authors.
Geology of the Western Alpine Internal Zones
The closure of Neo-Tethys by SE-directed subduction, the accretion of crustal fragments during this convergence and complex interleaving of different tectonostratigraphic units by regional overthrusting and extension have resulted in the formation of the Alpine Orogen (Platt, 1986; Coward and Dietrich, 1989; Schmid et al., 1996; Pfiffner et al., 1997; Schmid and Kissling, 2000; Stampfli, 2001 ). In the metamorphic areas of the Western Alps, commonly referred to as ''the Internal Zones'', components of the European (Brianc ßonnais) microcontinent (Penninic Domain), the Adriatic microcontinent (Austroalpine Domain) and the interjacent oceanic plate (Piemonte Unit) are exposed (Fig. 1 ). Penninic and Austroalpine basement rocks contain evidence of pre-Alpine metamorphism. However, all three major internal zone units have locally developed eclogitic rocks of Alpine age that developed during subduction . The units also contain areas that show no evidence of having reached eclogite facies grades, though they record greenschist facies metamorphism.
The Penninic basement is the structurally lowest unit within the internal zones. It comprises the Monte Rosa, Gran Paradiso and Dora Maira massifs, and, in the west, a series of basement nappes which include the Siviez-Mischabel nappe. This basement material is considered to be part of the subducted Brianc ßonnais microcontinent; the rifted continental margin of the European basement (e.g. Stampfli, 2001 ). The southernmost outcrops of the Monte Rosa lie within the studied area and comprise garnet mica schists, metagranites and metabasites. Locally preserved omphacite + garnet + glaucophane + zoisite + white mica within metabasites indicate Alpine eclogite facies metamorphism affected this area of Monte Rosa basement (Bearth, 1952; Dal Piaz and Lombardo, 1986) .
The structurally highest tectonic units in the Western Alps belong to the Adriatic microcontinent and are referred to as Austroalpine units. Austroalpine basement is further subdivided by geographic location and metamorphic grade. The Sesia Zone represents part of the pre-Alpine Austroalpine basement thrust northwestwards over the Penninic basement and Piemonte oceanic material (Compagnoni et al., 1977) . Three main lithotectonic units have been recognised in the Sesia Zone (Compagnoni et al., 1977) .
The Eclogite Micaschist Complex is a several kilometre thick unit comprising pre-Alpine high-grade paragneiss with marbles, amphibolites and granulites intruded by Variscan gabbros and granites and metamorphosed at eclogite facies (Vuichard and Ballevre, 1988; Pognante, 1989) . The eclogite facies assemblages (T c 500-600 jC, P>13 kbar) are locally overprinted by a later, greenschist facies metamorphism (Compagnoni et al., 1977) .
The Gneiss Minuti Complex contains fine-grained quartz-feldspar schists, with augen orthogneiss, mica schists and metagabbros. These represent pre-Alpine lithologies overprinted by Alpine greenschist facies metamorphism and deformation. The contact of the Gneiss Minuti Complex and underlying Piemonte oceanic unit is a high-strain zone accommodating top-to-SE extension after earlier thrusting (Wheeler and Butler, 1993; Reddy et al., 1999b) .
The Seconda Zona Diorito Kinzigitica (IIDK) forms the structurally highest unit in the Sesia Zone and comprises pre-Alpine amphibolite facies rocks similar to those found in the Ivrea Zone (Compagnoni et al., 1977) . This pre-Alpine metamorphism is also overprinted by a localised low-greenschist facies metamorphism, evident within shear zones close to its margins (Lardeaux et al., 1982; Ridley, 1989) , which is of Alpine age (Reddy et al., 1996; Pickles et al., 1997) .
Further west, Austroalpine basement forms the Dent Blanche Klippe (Fig. 1) . Dent Blanche is subdivided into the high strain Arolla Schist, which preserves Alpine greenschist facies metamorphism and are thought to correlate with the Gneiss Minuti Complex, and the Valpelline Series, the lateral equivalent of the IIDK (Ballèvre et al., 1986) .
The Piemonte oceanic unit lying between the Penninic and Austroalpine domains comprises the Jurassic oceanic crust that separated the two continental fragments prior to collision. The unit is subdivided into two zones based on metamorphic grade. The structurally higher Combin Zone, the lateral equivalent of the Tsaté Nappe in Switzerland, was metamorphosed at greenschist facies during the Alpine Orogeny. This unit lies structurally above the eclogite facies Zermatt Saas Zone.
The Combin Zone is lithologically complex and comprises a range of different rock types (Dal Piaz, 1965; Caby, 1981) , which can be subdivided into a number of different units (Ballèvre and Merle, 1993; Escher and Beaumont, 1997) . In Italy, the Combin Zone is dominated by carbonate-bearing rocks (calcschists) and metabasites that are interbanded at the centimetre to tens of metre scale. Serpentinites and serpentinite breccias are also common and metagabbros are preserved. This sequence of rock types represents a complicated amalgamation of oceanic igneous and sedimentary rocks (Dal Piaz, 1965; Bearth, 1967) that were juxtaposed within an accretionary complex on the southern margin of the Piemonte Ocean (Marthaler and Stampfli, 1989) . These oceanic rocks lie structurally above a sequence of quartzites, dolomites and marbles, called the Cime Bianchi unit, which are interpreted as being deposited on continental crust and are of probable Brianc ßonnais origin (Escher and Beaumont, 1997) .
The metabasites of the Combin Zone have the greenschist facies mineral assemblage actinolite + albite + chlorite + epidote. Calcschists with calcite + quartz + white mica F chlorite F zoisite F albite F titanite F tremolite/actinolite assemblages are interleaved with metabasites. However, this greenschist assemblage overprints an earlier, poorly preserved, blueschist facies metamorphism (Gosso et al., 1979; Caby, 1981; Ayrton et al., 1982; Sperlich, 1988) . Recent estimates of greenschist facies P -T conditions within the Italian Combin Zone are derived from a combination of data from both the metabasites and the calcschists and indicate P -T conditions of ca. 9 kbar and 300-450 jC (Reddy et al., 1999b) .
In the studied area, the Zermatt Saas Zone comprises metabasic, metagabbroic and serpentinitic rocks, though in the west of the studied area, sedimentary sequences are also recognisable Bearth and Schwander, 1981) . Mineral assemblages within the metabasites contain omphacite + garnet + paragonite + phengite + rutile + glaucophane + zoisite + titanite + hornblende/actinolite F albite. This disequilibrium suite of minerals reflects the progressive and often complete greenschist retrogression of the eclogite assemblage during exhumation. Petrological studies from well-preserved eclogites in the Zermatt Saas Zone indicate metamorphic conditions of 550 -600 jC and 18 -20 kbar for the eclogitic peak (Barnicoat and Fry, 1986) . In one locality, there is also evidence for ultra-high pressure metamorphism at P f 25 kbar (Reinecke, 1991 (Reinecke, , 1998 .
In recent years, the timing of eclogite-facies metamorphism in the internal parts of the orogen has been well constrained. U -Pb, Sm -Nd and Lu -Hf data yield ages for eclogite facies metamorphism of ca. 65-35 Ma. These data indicate that the Sesia Zone eclogites were metamorphosed around 65 Ma ago (Ramsbotham et al., 1994; Rubatto et al., 1999) , high pressure metamorphism in the Penninic basement of Dora Maira occurred ca. 35 Ma ago (Tilton et al., 1991; Gebauer et al., 1997) and, in the intervening Zermatt Saas Zone of the oceanic Piemonte Unit, eclogite facies metamorphism has been inferred at 50-40 Ma (Duchêne et al., 1997; Rubatto et al., 1998; Amato et al., 1999) . The data therefore indicate Tertiary ages for eclogite facies metamorphism that becomes younger in a NW direction towards the Alpine foreland. The Tertiary age indicates that attempts to link high-pressure metamorphism to Cretaceous plate motions (Baird and Dewey, 1986; Escher and Beaumont, 1997) are unrealistic.
The greenschist-facies rocks separating the eclogites are high-strain zones and kinematic information combined with regional geometry has shown that some of these zones reflect top-to-SE extensional structures (Wheeler and Butler, 1993) , associated with eclogite exhumation (Reddy et al., 1999b) , rather than SE-directed backthrusts. Locally top-to-NW shear is older than top-to-SE shear (Ring, 1995) . The observation of extensional kinematics within a convergent orogen provides an excellent opportunity to investigate the details of eclogite exhumation processes and constrains the complex nature of the spatial and temporal variations in deformation associated with exhumation during plate convergence.
Analytical procedure

Structural analysis
The Austroalpine, Combin and Zermatt Saas zones and Monte Rosa Penninic basement have been mapped at 1:10,000 from northern Val Sesia westwards to northern Val Tournanche. Both geometric and kinematic structural data were collected and structural data were analysed stereographically to look at spatial or lithological control on structural geometry. In our previous detailed study of the Val Gressoney, we presented a detailed structural history of the Piemonte Unit and surrounding rocks (Reddy et al., 1999b) . Our structural analysis of the adjacent valleys indicates a similar structural history to the Val Gressoney. We therefore avoid a detailed repetition of this deformation history (referring the reader to Reddy et al., 1999b and references therein) and instead concentrate on the complexities of the kinematic framework associated with foliation and lineation development within regionally exposed ductile shear zones. Although our study has concentrated along a traverse from Val Sesia to Val Tournanche, kinematic data have also been collected from the contiguous units to the west of Dent Blanche in Switzerland.
Rb/Sr data
The Rb/Sr data presented here are a compilation of new data and data that have been published by Reddy et al. (1999b) . Samples for Rb/Sr dating were collected from well-constrained structures across the area. Rb/Sr dating was undertaken at the Radiogenic Isotope Laboratory at the University of Leeds, UK. Sample preparation and analytical procedure have been described in detail elsewhere (Freeman et al., 1997 (Freeman et al., , 1998 Reddy et al., 1999b) .
Most of our data come from the greenschist facies rocks of the region, which contain sufficient white mica and feldspar/calcite to constrain mineral isochrons. Rb/Sr dating has concentrated on rocks that show dynamic recrystallisation at greenschist facies, i.e. the rocks were recrystallised at temperatures below the closure temperature for Sr diffusion in white mica (see Reddy et al., 1999b for details) . In such situations, ages may yield the time of deformation (Reddy and Potts, 1999) . However, for this to be the case, a single population of micas must be present. The presence of mixed mica populations will lead to mixed ages that may not correspond to the timing of deformation (Freeman et al., 1998) . In the Val Gressoney, duplicate analyses of fabrics were undertaken on some samples and in some cases analyses of the same fabrics but in different samples were undertaken to test for internal consistency and reproducibility.
3.3. 40 Ar/ 39 Ar data 40 Ar/ 39 Ar dating was undertaken in two stages. Firstly, initial analyses on mineral separates were taken from the whole region to assess the potential contribution of excess argon and to provide a template of argon age data from which a detailed dating programme could be based. For completeness we present this data here. Subsequent data were collected using high-spatial resolution (both infrared (IR) and ultraviolet (UV)) laserprobe, in situ analysis of polished thick sections and the multiple analysis of single grains. Samples for study were chosen because they showed little evidence for weathering and they contained suitable phases for 40 Ar/ 39 Ar dating. Where possible, samples were oriented in the field and oriented thin sections of each sample were used for petrographic purposes. Having the samples oriented enabled the relationship between grains analysed in situ to be related to the regional structural framework.
Mineral separates were obtained by mineral picking of the coarse fraction of samples reduced in a jaw crusher. The coarse fraction was used in an attempt to avoid analysing grains that had undergone grain size reduction in the separation procedure. Although it is difficult to assess this, grains that were selected for analysis had approximately the same grain size as grains seen in thin section. Mineral separates were cleaned in methanol and de-ionised water in an ultrasonic bath prior to irradiation.
The preparation procedure for in situ analysis of thick, polished sections has been described in detail elsewhere (Reddy et al., 1996 . Each sample was studied by standard optical petrographic techniques and was investigated using atomic number contrast imaging. For each sample, a compositional 'map' was made and used to identify and record the subsequent location of laser analyses. The sections were cleaned ultrasonically in methanol and de-ionised water before being wrapped in aluminium foil prior to irradiation.
The data presented here were collected over several years in several different analytical batches. Details of reactor and J values for each batch are included in the supplementary data tables. Hb3gr and MMHb-1 hornblende standards were used to monitor the neutron flux during irradiation. The age of the standards used to calculate the J value was 1072 Ma for Hb3gr (Roddick, 1983) and 520.4 Ma for MMHb-1 (Samson and Alexander, 1987) . No significant neutron flux variation ( < 0.5%) was apparent between any of the samples in individual batches.
After irradiation, samples were analysed at the laser 40 Ar/ 39 Ar dating laboratory at the Open University, UK. Mineral separate analyses involved multiple, single-grain fusion experiments using the IR laser. Thick section analyses involved either whole grain analysis or, more commonly, multiple, single-spot analyses. Spots sizes were in the order of 50-100-Am diameter for the IR laser. The UV laser enabled more precise sample selection (due in part to a smaller damage halo and better absorption characteristics) and was achieved by rastering a pulsed UV laser over a computer programmed 50 Â 50 Am area. Background Ar levels were monitored before and after each sample analysis and the mean of the two blanks was used to correct the sample analyses. Sample analyses were corrected for mass spectrometer discrimination, 37 Ar decay and neutron-induced interferences.
The interpretation of 40 Ar/ 39 Ar data can be difficult due to a number of different problems that arise when studying minerals in metamorphic rocks. These include the presence of excess 40 Ar and the loss of radiogenic 40 Ar if the sample is heated to temperatures approaching its blocking temperature. Excess 40 Ar is a nonradiogenic 40 Ar component that has not formed from in situ decay of 40 K. When present, excess 40 Ar yields apparent ages that are older than the 'true' age of the sample. To assess the importance of excess 40 Ar two approaches can be used. Firstly, on inverse isochron correlation diagrams ( 36 Ar/ 40 Ar vs. 39 Ar/ 40 Ar) (Roddick, 1978), excess 40 Ar can be recognised if the data fall on a line that does not pass through the atmospheric composition of Ar on the 36 Ar/ 40 Ar axis. However, often the data do not define a line but cluster close to the radiogenic axis, and in such situations, it is difficult to recognise the presence of an excess component using correlation diagrams. In these situations, there are two ways that the age data can be interpreted. The mean age of the data can be calculated or the youngest age can be quoted. In both cases, it must be noted that the age may have an excess component and therefore the age is a maximum age for isotopic closure.
The second approach is to undertake multiple, high-spatial resolution, intragrain analyses using a laser to identify age variations that may relate to grain boundaries or microstructures within the grain. Such variations may indicate the presence of excess 40 Ar and, in addition, can be used to recognise Ar loss. These approaches have previously been used in this region of the Alps and have yielded important constraints on the timing and duration of deformation and the thermal history of Austroalpine units (Reddy et al., 1996; Pickles et al., 1997) . However, this approach is hindered by the time and expense involved with taking large numbers of intragrain analyses.
In this paper we have undertaken both of the above approaches. We have plotted isotope correlation diagrams for all samples and have quoted the 'best' age for each sample. Where possible, we have used the 'corrected' age obtained from the isotope correlation diagram, which accounts for the presence of excess 40 Ar. However, in many cases, we have quoted the mean age or the youngest age of the data set. Multiple, in situ, laser analyses from individual grains have also been used, and these indicate the presence of excess 40 Ar in some samples and the loss of radiogenic 40 Ar in others. This is documented in the supplementary data e-tables and discussed further in the results section.
Structural and kinematic framework
Geological mapping and observations of mesoscale structures indicate a complex deformation history in the Piemonte and surrounding rocks exposed in the northern ends of the Val Sesia to Val Tournanche valleys (Fig. 1) . The geometrical distributions of foliations and penetrative lineations are illustrated in Fig. 2 . Lineations are either mineral aggregate lineations or represent the alignment of elongate mineral grains on the foliation surface. Kinematic indicators are well developed and this information is summar-ised in map form ( Fig. 3 ) and in detailed crosssections (Fig. 4a ,b,c).
Monte Rosa (Brianc ßonnais Penninic) basement
At the lowest structural levels, the Monte Rosa foliations define a range of orientations in Val Gressoney ( Fig. 2j ) but dip gently south in Val Sesia (Fig.  2n ). This reflects folding of the basement rocks at greenschist facies (Gosso et al., 1979; Reddy et al., 1999b) and the different levels of the fold exposed in the different valleys. Lineations are subparallel to the orientation of the fold hinges and kinematic indicators are therefore different on the different limbs of the fold. On the overturned limbs, kinematic indicators are top-to-NW, while top-to-SE shear sense indicators are developed on limbs that are not overturned (Fig. 3 ) (Reddy et al., 1999b ). There appears to be a gentle change in the orientation of lineations from NW -SE in the east to W -E in the west (Fig. 2f,j,n) .
Zermatt Sass Zone (Lower Piemonte Unit)
The Zermatt Saas Zone contains two foliations that are recognisable throughout the region. The first is parallel to a compositional banding defined by both primary lithological variations and secondary metamorphic segregation. Areas preserving good eclogite-facies mineral assemblages contain a foliation (S ZS 1 ) defined by the alignment of eclogite facies minerals. Lower pressure, greenschist-facies mineral assemblages replace those developed at eclogite facies. Two different types of overprinting can be observed; a heterogeneously developed static overprint preserving relict S ZS 1 fabrics, and a heterogeneously developed, dynamic greenschist foliation (S ZS 2 ) that increases in intensity towards the contact with the overlying Combin Zone. Close to the Combin Zone, S zs 1 is reoriented towards parallelism with the contact. The different foliations are commonly difficult to discriminate in the field. Foliations in the Zermatt Saas Zone show a change in geometry through the valleys (Fig. 2c,e,i,m) . In the west, foliations dip moderately to the NW (Fig. 2c) , becoming west dipping in Val d'Ayas (Fig. 2e) . In Gressoney, foliation poles define a north -south girdle (Fig. 2i) , better developed than that in the Monte Rosa data (Fig. 2j) . This reflects kilometer-scale folds that affect the eclogite facies units in this valley. Mineral lineations in the Zermatt Saas Zone have variable orientations throughout the region but generally plunge toward the NW and SE quadrants (Fig.  2c ,e,i,m).
Kinematic indicators are poorly developed in the eclogitic Zermatt Saas Zone. However, the S ZS 2 foliation has shear bands that record a top-to-SE shear sense in the upper levels of the Zermatt Saas Zone (Fig. 5a) isoclinal folds (see Reddy et al., 1999b) .
Combin Zone (Upper Piemonte Unit)
The Combin Zone is a regionally developed high strain zone, with well-developed greenschist facies foliations and associated lineations. Foliations across the region show a systematic variation dipping south in the east to WNW dipping in the west (Fig. 2b,d ,h,i). Lineations are well-developed mineral aggregate lineations (quartz and white mica) or mineral elongation lineations (actinolite) and are NW -SE oriented (Fig. 2b, d, h, i) .
Shear sense indicators (shear bands and mica fish) associated with these foliations and lineations are common throughout the Combin Zone (Fig. 5b,c ) and indicate considerable kinematic variation. Locally, this kinematic pattern is variable at the 10-m scale (Fig. 4b) . Commonly, there is no angular discordance between domains recording different kinematic senses at this scale (Fig. 4b ) so that relative ages of fabrics are ambiguous. However, at a larger scale, there is a systematic distribution to the preserved kinematic pattern.
In Val Sesia, all kinematic indicators are consistent and record top-to-SE shear (Fig. 3) . Similarly, kinematic indicators in the equivalent Tsaté nappe to the west and beneath Dent Blanche show consistent topto-SE kinematics (Fig. 5c) . In Val Gressoney, the Combin Zone comprises a number of structural domains. These domains record consistent kinematic sense internally but have slightly different orientations (Fig. 4a) . Adjacent domains sometimes record different shear sense and overprinting relationships indicate a complex deformation history involving early top-to-SE shear (Fig. 5b) , subsequent top-to-NW shear and localised reworking of these foliations by continued top-to-SE shearing ( Fig. 4a and Reddy et al., 1999b) . At a similar scale, variable kinematic senses are seen in Val Tournanche where the structurally higher levels of the Combin Zone record both top-to-NW and topto-SE senses of shear (Figs. 3 and 4a, b, c) . These variations are related to structural level and geographic location. Top-to-SE shear on the eastern side of Val Tournanche contrasts dominantly top-to-NW shear where the Combin Zone dips beneath the Dent Blanche Klippe on the west of the valley (Figs. 3 and  4c) . The Cime Bianchi unit beneath this packet of top-NW Combin shear records top-to-SE kinematics that can be traced across the valley, where it lies beneath top-to-SE shear in the overlying oceanic rocks (Fig.  4c) .
Austroalpine basement
Although we have undertaken detailed structural and kinematic studies of the contacts between different units in the Sesia Zone (Pickles, 1997) , we concentrate here on the lowermost structural levels of the Austroalpine Units; the structurally equivalent Gneiss Minuti Complex and Arolla Schists of the Sesia Zone and Dent Blanche, respectively. Both of these units are dominated by fine-grained, well-foliated, granitic rocks. In the Gneiss Minuti Complex, Fig. 4 . Geological cross-sections illustrating complex kinematics and Rb/Sr data from three areas. Arrows show relative displacement of hangingwall. Rb/Sr data are documented in terms of single and mixed mica populations (see text for details). Locations of cross-sections are shown in Fig. 3 . (a) Cross-section through the Val Gressoney (see Reddy et al., 1999b for details) . Domains of consistent kinematics show relative overprinting relationships indicating early top-to-SE followed by top-to-NW deformation. Zones of younger top-SE deformation overprint both of these older domains and indicate strain localisation at the present-day contacts between the different units. Rb/Sr data from these different domains record reproducible ages that show a systematic relationship to inferred relative age relationships. foliations dip shallowly to the southeast (Fig. 2g,k) , while the Arolla Schist foliations, to the east of Dent Blanche, dip shallowly to the northwest (Fig. 2a) . This is due to a late, gentle antiformal doming across the area, which left the Dent Blanche as a synformal Klippe. Mineral lineations associated with these foliations plunge to the SE and NW, respectively. The basal part of these units shows sheath fold development and high strains.
The kinematics of the Gneiss Minuti Complex and Arolla Schist are different. In Val Gressoney and Val Sesia, the Gneiss Minuti Complex records consistent top-to-SE kinematics. This is the case even where the Gneiss Minuti Complex and Combin contact are folded at the kilometre scale (Reddy et al., 1999b) . In contrast, kinematics at the base of the Dent Blanche in Val Tournanche show both top-NW and top-SE shear sense (Fig. 4b) . Detailed observations have failed to provide a consistent and systematic set of relative age relationships between these kinematically different fabrics.
Two other areas of exposed, lowermost Austroalpine basement have been investigated. At Bec de Nana, top-to-NW shearing contrasts the shear sense in the underlying Combin Zone (Fig. 4c) . While in Switzerland on the west side of Dent Blanche, the lowermost section of the Arolla Schist records top-SE shearing, similar to that in the immediately underlying Tsaté nappe.
Geochronology
Rb/Sr data
A range of ages from 34.8 to 60.4 Ma has been obtained through the region (Table 1) . These data are presented in map view (Fig. 6) and in cross-sections where more detailed studies have been undertaken (Fig. 4) . Most of the ages fall over a restricted range (35 -48 Ma). The older ages (44.6 -47.8 Ma) are restricted to the samples from the contact zone of the Combin and Gneiss Minuti Complex and contain mixed mica populations. The two oldest analyses, yielding 60 Ma ages, are both from single mica populations and are restricted to the lowermost structural levels of the Bec de Nana Klippe (Fig. 4c) , where top-to-NW kinematic indicators are well developed. The white micas obtained from the Zermatt Saas Zone are relatively undeformed and do not appear to have undergone extensive synkinematic recrystallisation at greenschist conditions. It is therefore likely that the ages of 38.2 and 40.5 Ma represent cooling ages.
5.2.
40 Ar/ 39 Ar data
The results of the Ar analyses are summarised in Tables 2 and 3 and Fig. 7 . 39 Ar data record a range of apparent ages in which systematic distributions are difficult to recognise. To facilitate the interpretation of the age date, we therefore consider the results from the Penninic Domain, Piemonte Unit and Austroalpine Domain independently before integrating the data.
Penninic domain
The Monte Rosa unit yields 40 Ar/ 39 Ar white mica ages between 35.5 and 80.8 Ma and biotite ages of 41.8-54.3 Ma ( Fig. 7 ; Tables 2 and 3). White mica mineral separate data yield generally old ages, and in one case, this can be assigned to an excess 40 Ar component (see Table 2 ). In situ analyses of single white mica grains have intragrain age variations from mid-Tertiary to Early Cretaceous (e- Tables 1 -5) 1 . Commonly, grains yield older core and younger rim apparent ages. Smaller grains also yield younger ages than coarser grains from the same sample. These data indicate that in some samples there is a component of 40 Ar loss and indicate a partial resetting of 40 Ar/ 39 Ar ages. The data do not allow the recognition of an excess 40 Ar component in these samples and we cannot therefore access the geological significance of old core ages. However, since Cretaceous ages are older than the eclogite facies metamorphic peak, it is probable that old core ages contain an excess 40 Ar component. The oldest biotite data from the Monte Rosa unit come from whole grain mineral separate analyses (45.7 -54.3 Ma). Individual samples yield a range of biotite ages from ca. 40 to 80 Ma (e -Table 5) 1 . Inverse isochron plots of in situ data (41.8 -43.1) indicate the presence of an excess 40 Ar component that was not recognisable in the mineral separate data. The youngest ages from both the white mica (37.1 F 7.0 Ma) and the biotite (41.8 F 1.6 Ma) give a maximum age for the timing of the thermal event responsible for (partial) resetting of the Ar ages. The older age of biotite relative to white mica may indicate a minor excess 40 Ar component within the biotite. To the south of the Aosta Fault, white micas from Gran Paradiso (structurally equivalent to the Monte Rosa) yield white mica 'best estimate' ages of 40.4-72.0 Ma (Fig. 7) . Older ages, up to 160 Ma, are contaminated by an excess 40 Ar component. The youngest age (40.4 F 0.4 Ma) may also contain an excess 40 Ar component. However, this age represents a maximum age for isotopic closure. A single biotite sample yields a similar age of 37.1 Ma, but again, the distribution of ages on an inverse isochron plot does not allow the recognition of a possible excess 40 Ar component. To the north of Monte Rosa, three analyses of samples from the Siviez-Mischabel nappe (Penninic basement) yield old ages of 82 -265 Ma (not shown in Fig. 7 ). These are likely to be affected by excess 40 Ar (Barnicoat et al., 1995) , but once again, the mineral separate data are insufficient to recognise intragrain variations in age due to excess 40 Ar. 40 Ar/ 39 Ar white mica and amphibole ages obtained from the Zermatt Saas Zone eclogites range from 36 to 67 and 55 to 182 Ma, respectively ( Fig.  7 ; Tables 2 and 3 ). The data show that the latter is affected by excess 40 Ar and no geologically significant age can be obtained from the amphibole data. Generally, white mica mineral separate data yield older ages than the in situ analyses. In situ data from individual samples commonly define inverse isochrons that indicate an excess component. The recalculated ages, taking account of the excess component, range from 37.5 to 45.0 Ma within valleys north of the Val d'Aosta. A similar age is obtained from the Zermatt Saas Zone north of the Gran Paradiso and south of the Aosta Fault. Younger ages in some samples correspond to smaller grain sizes or the rims of larger grains in which the cores yield older ages. Younger samples therefore appear to reflect a component of 40 Ar loss. The few ages derived from inverse isochrons south of Monte Rosa record ages from 39 to 32 Ma with younger cooling ages in the west (Fig. 7) .
Piemonte unit
The white mica data from the Combin Unit are relatively reproducible for different samples. Ages range from 34.4 to 41.8 Ma and both mineral and in situ analyses yield inverse isochrons indicating no excess 40 Ar. The absence of an excess Ar in these samples may indicate that weighted mean ages of other Combin samples represent cooling ages. Ages are generally similar throughout the Combin/Tsaté nappe ( f 40 Ma). Despite the general similarity in ages across the four valleys, there appears to be a subtle variation in cooling ages from correlation plots within the Piemonte Unit. Ages of 37.5 -39.4 Ma in Val Gressoney decrease to 34.4 Ma in Val Tournanche. Combin Zone minimum ages of f 40 Ma in the east decrease to f 35 Ma in the west.
Austroalpine domain
In the Austroalpine Units overlying the Combin Zone, 40 Ar/ 39 Ar ages are variable (Tables 2 and 3) . Fig. 3 . Also Co = Combin Zone, ZS = Zermatt Saas Zone, GP = Gran Paradiso, SMN = Siviez-Mischabel Nappe.
We have previously reported some of the complexities of Ar data from Austroalpine units (Reddy et al., 1996; Pickles et al., 1997) . At its lowermost structural levels, the greenschist-facies and high strain Gneiss Minuti Complex record white mica ages from 37.4 to 46.2 Ma ( Fig. 7 ; Tables 2 and 3 ). The youngest white mica age has a significant error while the possibility of an excess 40 Ar component in the older ages cannot be ruled out. A single white mica sample from the laterally equivalent Arolla Schist to the west of Dent Blanche yields a weighted mean age of 48.0 Ma. When plotted as an inverse isochron, the data from this sample have insufficient spread to assess the possibility of an excess 40 Ar component. Biotite ages of f 32 Ma are recorded from both analysed samples of the Gneiss Minuti Complex and data plotted as an inverse isochron from one of these (32.1 F 1.1 Ma) indicates no excess 40 Ar. A single sample of amphibole from the greenschist overprinted Pinter metagabbro (Wheeler and Butler, 1993) yields an age of 315 Ma, which we attribute to a significant excess component.
The Eclogite Micaschist Complex of the Sesia Zone records a wide range of ages. Individual grains from the same sample yield variable apparent ages are and show the presence of excess 40 Ar. Apparent ages from these samples are interpreted to be geologically meaningless. Detailed analysis of in situ data shows that samples have heterogeneous 40 Ar distributions at an intragrain scale and variable amounts of 40 Ar loss. Detailed work on one sample (77519) (Reddy et al., 1996) indicates that the distribution of excess Ar reflects both volume diffusion into the edges of the mica grains and a component of diffusion along microstructural features developing within grains during deformation at around 450 jC. The wide range in ages reported here is therefore interpreted to represent variable excess 40 Ar linked to the microstructural history of individual grains. A single analysis of a sample from the Emelius Klippe, a lateral equivalent of the Eclogite Micaschist Complex to the south of the Aosta Fault, shows none of the complexity recorded in the Eclogite Micaschist Complex samples and yields reproducible ages of 41.4 F 0.5 Ma.
A range of biotite ages was obtained from the structurally uppermost Valpelline unit of the Dent Blanche. A similar feature was seen in data from IIDK biotite further east and is related to minor Ar Ar data collected by in situ laserprobe analysis of thick sections Summary ages are calculated after inspection of data by inverse isochron correlation diagrams and by reference to the intra-grain age distribution of ages that are used to detect Ar loss or the presence of heterogeneous excess 40 Ar (see text for details). Errors are quoted at 1r. Black text = weighted mean. Black text (italics) = ages from correlation diagram. Boxes indicate excess corrected age. Grey = youngest age from the data set. Unit abbreviations as in Table 2. loss from Variscan biotite during Alpine heating at ca. 300 jC (Reddy et al., 1996) .
Discussion
Spatial complexity in kinematic evolution
Structural analysis of a large region of the Western Alpine internal zones indicates the common development of kinematic indicators associated with regionally extensive, high-strain deformation. This greenschist facies deformation is localised in the Combin Zone and extends laterally for almost 50 km from Val Sesia in the SE to the NW side of Dent Blanche (Fig. 8) . Synkinematic greenschist facies metamorphism also occurred in the immediately adjacent rocks of the overlying Austroalpine basement and the structurally lower eclogite facies rocks of the Zermatt Saas Zone. Despite simple geometries for foliation and lineation orientations, the kinematic picture is complex with both top-to-NW and top-to-SE shear occurring at similar metamorphic grades within the same tectonic unit.
Top-to-SE deformation within the Combin Zone dominates the kinematic picture in most of the study areas (Fig. 8) . To the NW of Dent Blanche, within the Cime Bianchi unit on the eastern side of Val Tournanche and in Val Sesia, only top-to-SE kinematics are recorded. Top-to-NW kinematics are demonstrated in a single packet of rocks in Val Gressoney and on the western side of Val Tournanche, within or directly beneath the Dent Blanche, but structurally above the Cime Bianchi unit (Fig. 8) .
The orientation and kinematic sense of shear zones relative to the present-day Earth's surface cannot easily be used to infer a thrusting or extensional geometry at the time of shear zone formation because structures may have undergone subsequent rotation (Wheeler and Butler, 1994; Ring et al., 1999) . In the study area, a late, gentle antiformal doming that reoriented earlier structures can be recognised across the area (Fig. 8) . Top-to-NW kinematics in Val Gressoney may therefore have a present-day apparent thrust geometry, while a similar shear sense in rocks at the eastern edge of Dent Blanche have an apparent extensional orientation. In addition, the repetition or omission of tectonic units that can indicate thrust and extensional structures respectively in sedimentary sequences, cannot be easily applied to areas where the original orientation of layering at the time of deformation is unknown (Wheeler and Butler, 1994) . Consequently, the best way to infer the regional Fig. 8 . Summary of kinematic information across a schematic cross-section through the Western Alpine internal zones. Kinematic data from greenschist-facies rocks NW of the Sesia Zone are dominated by top-to-SE extensional deformation. Similar kinematics dominate foliation development in the Combin Zone/Tsaté nappe to the west of Dent Blanche. More complex kinematics are seen in the middle of the crosssection. However, integration of these data with absolute dating of the foliations indicates a systematic picture of early top-NW shearing overprinted by top-to-SE extension. The timing of top-to-NW foliations directly beneath Dent Blanche is poorly constrained but on a regional scale appears to be younger than top-to-SE fabrics. Kinematic information from the IIDK is taken from Pickles (1997) . EMC = Eclogitic micaschist complex; GMC = Gneiss Minuti Complex; IIDK = Seconda Zona Diorito Kinzigitica; AS = Arolla Schist; VP = Valpelline; SM = Siviez-Mischabel Nappe.
significance of kinematic information is to examine the regional geometry of structures and establish whether they cut up or down section in the kinematic direction (Wheeler and Butler, 1994; Reddy et al., 1999b) .
In Val Gressoney, the Combin Zone is dominated by top-to-SE deformation and dips under Austroalpine rocks and does not re-emerge to the SE. This geometry suggests that the volumetrically most significant top-to-SE deformation was associated with extensional deformation (Fig. 8) (Wheeler and Butler, 1993; Reddy et al., 1999b) . The Cime Bianchi unit on the east side of Val Tournanche was affected by the same extensional shear (Fig. 8) . On the western side of Val Tournanche, the Cime Bianchi unit has a similar stratigraphy and kinematic sense as that on the other side of the valley. Similarly, the top-to-SE shear at Moiry to the NW of Dent Blanche passes beneath that klippe and re-emerges on the SE side and therefore also links to the regional extensional structure mapped from Val Gressoney. Thus, the dominant Combin Zone kinematics, over the region we have studied, are related to regional scale top-to-SE extensional deformation. This interpretation contrasts earlier work which has linked top-to-SE deformation with backthrusting (Trumpy, 1980; Milnes et al., 1981; Baird and Dewey, 1986; Lacassin, 1987) .
Although we interpret much of the top-to-SE deformation as extensional, some of the top-to-SE deformation may be related to crustal shortening. The Austroalpine units did not originate above the Combin Zone metasediments, so regional extension must postdate large-scale, NW-directed thrusting of the Austroalpine units over the Piemonte Unit and the Penninic Domain. This deformation may still be preserved as domains of top-to-NW fabrics seen throughout the area (Figs. 3, 4 and 8) . However, relative age relationships indicate that at least some of the top-to-NW fabrics developed while top-to-SE extension was taking place (Fig. 4a) . These fabrics may reflect continuing convergence at the same time as extension (Wheeler et al., 2001) or may reflect thinning of the shear zone by conjugate extensional structures prior to reorientation by later doming.
Geometrically, the Combin Zone is a zone of extension that has undergone subsequent folding to produce a regional antiformal dome in the Piemonte Unit and a synformal structure located in the Dent Blanche (Fig. 8) . The common limb of this antiformsynform pair passes through the western side of Val Tournanche (Fig. 8) . The top-to-NW deformation recorded on the western side of Dent Blanche may represent a NW-dipping extensional structure associated with this regional folding. A similar geometry has been described for similar structural levels further south (Philippot, 1990) . The test of such a model is that the age of top-to-NW deformation should be younger than the age of gently folded top-to-SE extensional deformation.
It is fundamental to palaeogeographic and geodynamic reconstructions of the Alps that deformation within the Combin Zone/Tsaté nappe is related to regional scale extension. Previous work in the Combin Zone has recognised a tectonic interleaving and complexity that have been interpreted to reflect accretionary prism formation during plate convergence (Marthaler and Stampfli, 1989; Stampfli and Marthaler, 1990) . This is a logical model given the oceanic nature of the unit and its current structural position within the Alpine geodynamic framework (Stampfli, 2001 ). However, a significant component of the Combin Zone complexity may reflect the extensional part of the deformation path rather than the accretionary phase. In particular, the tectonic contact at the base of the Cime Bianchi unit always shows SE-directed shears, which cut up the tectonostratigraphic section in the transport direction, into the Combin Zone calcschists (Fig. 4) . This would seem to indicate a backthrust, but only if the Cime Bianchi/Combin Zone package was dipping shallower than the shear at the time of movement. This geometry can be reconciled with the actual extensional nature of the contact if the Cime Bianchi/Combin Zone package was dipping at the time it was emplaced onto the Zermatt Saas Zone (cf. Wheeler and Butler, 1993, Fig. 10) . Consequently, the repetition of tectonic units cannot be used in isolation as evidence for their accretionary nature. Clearly, our understanding and reconstruction of accretionary orogens cannot be solely based on plate-scale geometries but require the detailed integration of regional geometry with kinematic information.
Assessment of alpine closure temperatures
The dynamic recrystallisation of white micas below their closure temperature theoretically gives the timing of recrystallisation and may yield absolute deformation ages (Freeman et al., 1997 (Freeman et al., , 1998 Reddy and Potts, 1999) . A knowledge of the temperature at which deformation takes place and the closure temperature of the minerals recrystallised during the deformation is therefore fundamental to the dating of deformation (Reddy and Potts, 1999) . Since the use of closure temperatures was pioneered in the late 1960s (Jäger et al., 1967) , the closure temperatures of different minerals and isotope systems have been established by empirical observation and simple diffusion models based on experimentally derived diffusion parameters. Based on these approaches, closure temperatures for muscovite and biotite have been estimated to be ca. 500 F 50 and 300 F 50 jC, respectively, for Sr diffusion (Armstrong et al., 1966; Jäger et al., 1967) , and 350 F 50 and 300 F 50 jC, respectively, for Ar diffusion (Armstrong et al., 1966; Pürdy and Jäger, 1976) . These closure temperature estimates are still widely used. However, these estimates of closure temperatures have recently been questioned (Villa, 1997) because in many situations, the assumption of volume diffusion, the foundation of the closure temperature principal, is not likely to be met. This is particularly the case in deformed or recrystallised minerals, and empirical 40 Ar/ 39 Ar studies have illustrated that deformation-induced microstructure plays a significant role in the distribution of Ar in low bulk strain minerals (Kramer et al., 2001; Reddy et al., 1999a Reddy et al., , 2001 Mulch et al., 2002) . Consequently, the closure temperatures for ''recrystallisation-free'' minerals may be significantly higher than most previously published estimates (Villa, 1997) .
Temperature estimates for Combin Zone deformation range from 300 to 450 jC (Reddy et al., 1999b ). This range is below traditional estimates for Sr diffusion in white mica (Jäger et al., 1967) , and is also below revised estimates for ''recrystallisation-free'' white micas of 600 -650 jC (Villa, 1997) . Our interpretation that the Rb/Sr white mica ages represent the timing of synkinematic mica growth (see next section) therefore holds independently of which closure temperature is correct. However, Villa's (1997) revised closure temperature for Ar diffusion in white mica of 500 jC is also above the maximum recrystallisation temperature, and 40 Ar/ 39 Ar data should therefore yield identical ages to those obtained by Rb/Sr dating. This is not the case, and reliable 40 Ar/ 39 Ar ages (where excess 40 Ar can be discounted) are a few million years younger than the Rb/Sr ages. The effective closure temperature for Ar diffusion in white mica must therefore be less than the temperature at which the sample was deformed (300 -450 jC). This is not consistent with the revised estimates of Villa (1997) and appears more in accord with lower closure temperature estimates, in particular recent empirical estimates for high-grade muscovite (Hames and Bowring, 1994) and slightly higher values derived from lowtemperature muscovite (Kirschner et al., 1996) . Many researchers using closure temperature models to predict temperature -time histories are dealing with naturally deformed metamorphic tectonites, and in these cases, empirically obtained bulk diffusion data obtained from natural samples may yield better estimates of closure temperature than ''recrystallisationfree'' estimates. Therefore, although cooling rate and microstructure will complicate matters, we use closure temperatures of 500 jC for Rb/Sr white mica and 350 and 300 jC for Ar white mica and biotite, respectively. These are consistent with empirically derived diffusion parameters and agree with earlier, less wellconstrained values (Armstrong et al., 1966; Jäger et al., 1967; Pürdy and Jäger, 1976) .
Temporal complexity in kinematic evolution
To understand the spatial complexity of deformation outlined earlier, we integrate shear sense information with geochronological data on the timing of deformation to develop a temporal framework for the observed kinematic evolution. We have previously used this approach to look in detail at the kinematic evolution of greenschist facies deformation in Val Gressoney (Reddy et al., 1999b) . This previous study illustrated a kinematic picture in which top-to-SE extensional deformation was overprinted by top-to-NW deformation followed by strain localisation and subsequent top-to-SE overprinting of earlier fabrics at the margins of the Combin Zone (Fig. 4a) . Analysis of Val Gressoney white micas (Fig. 4a) , in which we have found no evidence for multiple mica populations, indicates that ages from different samples within the same part of the shear zone are reproducible, are consistent with relative age relationships obtained from overprinting relationships and range from 45 to 36 Ma (Figs. 4a and 7) .
In other areas, we have also shown that Rb/Sr dating of white micas, recrystallised during greenschist facies deformation at temperatures below their closure temperature, has also given regionally consistent ages that have also been interpreted as deformation ages (Freeman et al., 1997 (Freeman et al., , 1998 . We suggest that Rb/Sr white mica ages throughout this study area can be interpreted in a similar manner, that is they date the timing of deformation associated with synkinematic greenschist facies recrystallisation. A cooling age interpretation is inconsistent with the reproducible age variations that are present between adjacent fabric domains in the shear zone.
The oldest Rb/Sr ages from the area are two 60 Ma ages from the Austroalpine units of the Pillonet Klippe (Bec de Nana) (Fig. 4c) . These data come from single mica populations and rocks metamorphosed at low greenschist grade. The reproducibility of the analyses from two separate samples suggests that the age is geologically meaningful and our interpretation is that the dates record at least part of the top-to-NW deformation path associated with thrusting of the klippe over Piemonte oceanic rocks.
The effects of mixed mica populations on apparent ages are difficult to predict because (a) the relative abundance of the populations has not been assessed and (b) it is unclear how the mineral separation process may have fractionated these different populations. Directly beneath the Bec de Nana, the Combin Zone yields Rb/Sr ages of ca. 37 Ma from both single and mixed population samples (Fig. 4c) . This suggests that in this case, the effects of the mixed population must be minor. The reported 37 Ma ages are similar to ages from the opposite side of the valley that have the same top-to-SE kinematic sense (Fig. 4c) identical to those ages from the lowermost structural levels of the Combin Zone in Val Gressoney (Fig. 4a) . Therefore, we interpret this age to represent the probable timing of top-to-SE deformation within the Combin Zone at these different localities.
The age of 48 Ma from the Combin Zone of western Val Tournanche, which records top-to-NW kinematics (Fig. 4c) , is older than other ages except for the 60 Ma age at the base of the Bec de Nana. This age may reflect the timing of top-to-NW deformation and could therefore indicate that initial top-to-NW thrusting spanned a period of 60-48 Ma. The fact that the Zermatt Saas Zone eclogite facies metamorphism took place in this region between 40 and 44 Ma (Rubatto et al., 1998; Amato et al., 1999) indicates that subduction of Piemonte oceanic material beneath the Austroalpine hanging wall must have occurred over this period. Ages of 48 Ma for the timing of NW thrusting in the Sesia Zone (Pickles, 1997 ) support this possibility. However, the 48 Ma age from Val Tournanche is from a sample with a mixed mica population. A different Rb/Sr mixed mica age (41.5 Ma) from the same structure and similar structural level may indicate that these two ages reflect mixing of older (60 Ma?) and younger mica components. A possible young component could be micas recrystallised during late-stage top-to-NW shearing associated with regional folding (Fig. 8) . Currently, our Rb/Sr data do not allow us to discriminate between these different possibilities.
Post-kinematic regional cooling
The post-kinematic cooling history of the Western Alpine internal zones can be inferred from our 40 Ar/ 39 Ar data. Data from mineral separates indicate regionally similar age ranges within the same tectonic unit. However, within individual units, these ages vary (Fig. 7) , often at an intragrain scale (e- Tables 1 -5) 1 . Similar age variations have been documented by 40 Ar/ 39 Ar and K/Ar studies in the Sesia Zone (Ruffet et al., 1995; Reddy et al., 1996; Scaillet, 1996; Pickles, 1997) , the Monte Rosa (Chopin and Monie, 1984; Monié, 1985) and the high-pressure rocks of the Piemonte Unit (Bocquet et al., 1974; Hunziker, 1974) . The variable ages throughout the region documented by these studies have been interpreted in a number of different ways. Our data indicate that the variability commonly reflects heterogeneous distribution of excess 40 Ar and/or the radiogenic 40 Ar loss rather than the preservation of different geological events within the samples (e.g. Monié, 1985) .
In some cases, meaningful cooling ages can be obtained from inverse isochron plots. These indicate Tertiary cooling ages for the Penninic and Piemonte units. However, the presence of excess 40 Ar in a large number of the analysed samples calls into question the reliability of K -Ar ages from the internal Alps, and therefore, the thermal-tectonic models that these data have been used to constrain. In particular, our data are clearly in conflict with argon geochronological data from the internal Western Alps that record Cretaceous ages and have been used to support Early Cretaceous ages for eclogite facies metamorphism (Hunziker, 1974; Chopin and Monie, 1984; Monié, 1985; Stöck-hert et al., 1986; Hunziker et al., 1992) . Recent reevaluation of the timing of eclogite facies metamorphism indicates Tertiary high-pressure events (Rubatto et al., 1998 (Rubatto et al., , 1999 Amato et al., 1999) , which are consistent with our 40 Ar/ 39 Ar cooling ages (Fig. 7) . Data interpreted to represent the best estimates of cooling ages from each unit show little inter-unit variation. Monte Rosa ages are similar to those in the Zermatt Saas Zone, the Combin Zone and the basal Austroalpine Units. This suggests that the units were juxtaposed prior to cooling through the Ar closure temperature for white mica and this is consistent with our interpretation that older Rb/Sr ages date the time of deformation and juxtaposition. The subtle variation in correlation ages across the region, with younger ages in the west, suggests rocks cooled earlier in the east. This is not easily reconciled with the extensional model inferred from our kinematic data, which should predict earlier exhumation and cooling of footwall rocks, and therefore older ages, in the west. Earlier, we suggested that late, localised top-NW extensional shear beneath the eastern margin of Dent Blanche may be related to synchronous, regional scale open folding (Fig. 8) . In such a model, the Zermatt Saas and Combin Zone rocks in the core of the antiformal structure may cool slightly later than rocks in the east. Although Rb/Sr data were equivocal, our Ar data may support this model and suggest that regional folding occurred between 36 and 32 Ma ago, similar to cooling ages in the nearby Siviez-Mischabel nappe (Barnicoat et al., 1995) .
Implications for accretion and exhumation in convergent orogens
Our kinematic and geochronological data indicate a complex spatial and temporal deformation history related to both accretion and subsequent extension. Shear sense indicators and deformation ages are associated with greenschist facies, synkinematic recrystallisation during heterogeneous deformation in the Combin Zone and immediately surrounding rocks. Rarely are primary, accretion-related structures preserved. The relative absence of old, top-to-NW fabrics related to formation of the Combin accretionary complex and thrusting of the Austroalpine Units over the Piemonte Unit, indicates extensive reworking of tectonostratigraphic units after the accretionary phase of tectonism. This is surprising given the ongoing convergence that can be inferred from both the NW migration of the Alpine foreland basin in the Tertiary (Sinclair, 1997; Wheeler et al., 2001) and from the timing of thrusting in the Penninic nappes to the west of Dent Blanche (Markley et al., 1998) . It indicates that in isolation, kinematic information may be difficult to reconcile with plate-scale displacements.
Greenschist facies strain is dominated by the development of a post-accretionary extensional structure-the Gressoney Shear Zone (Reddy et al., 1999b) , which we now suggest extends from Val Sesia to the west of Dent Blanche. This large extent is compatible with the large displacement (>50 km) it must have accommodated (Wheeler et al., 2001) . Data presented here support the model of Reddy et al. (1999b) that extensional deformation occurred simultaneously with cooling and decompression of eclogite-facies oceanic rocks in the footwall. In addition to SE-directed extension, top-to-NW deformation is present in certain thin panels of rock throughout the greenschist facies shear zone. In places this deformation occurred at broadly the same time, or is bracketed by, top-to-SE extension. Top-to-NW shearing, spatially and temporally linked to the extension process, may be related to continued, possibly episodic, shortening of the Combin Zone accretionary complex or may be reoriented extensional structures associated with tectonic thinning of the shear zone.
The timing of extensional deformation is constrained to between 36 and 45 Ma. In the Helvetic margin to the west, deformation at 40-45 is taken as the time of initiation of continental collision in the Alps (Platt, 1986; Ring et al., 1999) . Much of the extension therefore occurred during the collisional phase of Alpine tectonism. However, eclogite facies metamorphism in the Penninic basement at ca. 35 Ma (Tilton et al., 1991; Gebauer et al., 1997) indicates that extension was taking place while crustal material on the Brianc ß onnais continental margin was being subducted. The overlap in the timing of continentcontinent collision and subduction may reflect along strike irregularities in palaeogeography. However, it may also indicate that extensional deformation in the Combin Zone took place during the transition from an accretionary -subduction system to continent -continent collisional.
The geodynamic evolution of the Western Alps has received much recent attention due to extensive geophysical studies (Schmid et al., 1996; Pfiffner et al., 1997; Schmid and Kissling, 2000) . However, the complex spatial and temporal kinematic framework we have demonstrated is not apparent in geophysical imaging. As a consequence, the significance of crustal extension in Alpine evolution tends to be neglected. This significant deformation episode must be integrated into geodynamic models for Alpine evolution. We have demonstrated that in greenschist facies rocks of the internal zones top-to-SE extensional shearing dominates the preserved structural history. These observations are at odds with well-established models for Alpine convergence in which crustal blocks are progressively accreted onto the northern margin of the Adriatic microcontinent. The contrasting plate-scale and unit-scale kinematic observations indicate that in more ancient orogens where the geodynamic evolution is less well understood, regionally developed kinematic indicators may represent only a small part of the complete deformation history and may therefore be difficult to interpret within a plate-tectonic framework.
Conclusions
Within the internal zones of the Western Alps, a regionally developed shear zone has a geometry and kinematic framework that are inconsistent with formation during imbrication of crustal units within an accretionary complex. The dominant kinematic indicators over a NW -SE distance of ca. 50 km show that the deformation represents large-scale, SE-directed extensional reactivation of convergent structures. This extension was responsible for the exhumation of eclogite-facies rocks in the footwall of the shear zone. Absolute deformation ages, derived from Rb/Sr dating of synkinematic recrystallised white micas, indicate that extensional deformation was heterogeneous and migrated through the shear zone during its 45-36-Ma evolution. Local top-to-NW kinematics within the shear zone were associated with different stages of deformation history and record pre-extensional thrusting, synextensional convergence and possibly top-to-NW extension associated with thinning of the shear zone and/or late-stage regional scale folding. 40 Ar/ 39 Ar ages indicate cooling after juxtaposition of the different units and this is consistent with the interpretation that Rb/Sr ages date the timing of deformation. Ar data also provide evidence for later localised reworking of the shear zone. This spatial and temporal kinematic complexity means that previous models of Alpine geodynamics must be reassessed.
